/ 35
RESULTS 1 NE induces heterogeneous responeses in BA 2 We consistently observe that NE induces heterogeneous changes of mitochondrial membrane 3 potentials (MMP) in BA (Figure 1) , which is monitored with thermoneutral rhodamine 800 (Rh800, To test such explanation, we have checked the potential relationship between the 13 heterogeneity of MMP changes and the extent of HSL phosphorylation at Ser563 ( Figure S1 ), 14 since HSL serves as a downstream lipase of β adrenergic receptors. After NE stimulation and 15 monitoring the responses of MMP, we have retrospectively immunostained the BA with antibody 16 against phospho-HSL and assumed that BA with high levels of phosphorylated HSL should 17 correlate with mitochondrial depolarization. However, BA with high levels of phosphorylated HSL 18 (arrows and red arrow head) either show mitochondrial depolarization (arrow heads) or 19 hyperpolarization (arrows), while BA with low levels of phosphorylated HSL (white arrow heads) 20 can show mitochondrial depolarization (Figure S1B,C and F). Secondly, treatments with NE 21 concentration raised 100 fold to 10 µM still show two MMP populations ( Figure 1G ). These results suggest that the heterogeneous changes of MMP are unlikely correlated to the 1 heterogeneity of adrenoreceptors or different activity of HSL. In addition, we have also found 2 that all BA express UCP1 although at heterogeneous levels ( Figure S2A-D) , and that 3 mitochondrial hyperpolarization is not due to the absence of UCP1 ( Figure S2E-G) . The different 4 activity of HSL and heterogeneity of UCP1 may account for the diverse extent of MMP 5 depolarization. 6 7 Correlations among NE-induced heterogeneous responses in BA 8 With the thermosensitive Rhodamine B methyl ester (RhB-ME) based mito-thermotry (Xie et al., 9 2017), we observe that the NE-induced thermogenic responses (the fluorescent intensity ratio of 10 Rh800 to RhB-ME) in BA indeed show negative correlation with mitochondrial electric potential 11 difference (ΔΨ m ) ( Figure 1D -F and movie 1-2). Our findings suggest that the heterogeneous 12 responses of MMP in BA can index NE-induced thermogenic efficacy, and further confirm that 13 the efficacy of NE-induced thermogenesis is low (10). Especially, even high concentration (10 14 µM) of NE still shows low efficacy with two ΔΨ m populations ( Figure 1G ) and only slightly 15 increases thermogenic responses of BA compared to the stimulation of 0.1 µM NE ( Figure 1H ). 16 Meanwhile, NE-induced thermogenic responses of BA are inhibited by 1 µM SR-59230A (a 17 potent β adrenergic receptors antagonist, Figure 1H ). ratiometric pH-indicating fluorescent probe, we reveal that the subpopulation of MMP 1 hyperpolarization shows cytoplasmic acidification (ΔpH < 0), and ΔΨ m shows negatively 2 correlated with ΔpH ( Figure 1I ). give us a hint that mitochondrial thermogenesis of BA might be the net result of proton outflow by 6 pumps and proton leak by UCP1. Clearly, these results suggest that NE stimulation activates an ATPase, which is likely a 19 H + -ATPase and might play a role in the thermogenic efficacy of BA. The best candidate for 20 H + -ATPase is mitochondrial ATP synthase/complex V, which can function as an ATPase to 21 pump protons out of mitochondrial matrixes(23). ATP is not only consumed by mitochondrial ATPase but also other cellular activities. Therefore, it is necessary to further check whether 1 complex V is the ATPase activated by NE. Thus, we use oligomycin A, a specific inhibitor of 2 complex V, and reveal that oligomycin A mitigates ATP consumption induced by NE stimulation 3 ( Figure 2F and G). These results confirm that NE activates the ATPase function of mitochondrial 4 complex V. 5 6 The role of mitochondrial complex V as ATPase is quite provocative. For example, where 7 does ATP come from? The source of ATP production can be provided by NE-stimulated 8 metabolism of glucose, since it has been reported and well known that glucose uptake is 9 increased in BA or BAT by one or two orders of magnitude in human (12 folds) and rat (110 which are endogenous autofluorescences and ratio measurement of FAD and NADH (16) . In 13 addition, interestingly illustrated in Figure 2F , a few of BA pretreated with oligomycin A show 14 transiently increased cytoplasmic [ATP], which support accelerated cytosol metabolism for ATP 15 production after NE stimulation. for cytoplasmic acidification. Together, our findings suggest that the H + -ATPase activity of 1 complex V is a key factor to antagonize proton leak by UCP1, impact on the net cytoplasmic 2 ΔpH ( Figure 1I and Figure 2H ) and modulate the efficacy of NE-induced BA thermogenesis.
3 4 ATP as a sympathetic cotransmitter can increase the NE-induced thermogenic efficacy 5 Our observations suggest that more factors other than NE alone are needed for the high efficacy 6 of evoking thermogenesis in BAT. Considering ATP is also a neurotransmitter and co-released 7 with NE when sympathetic nerve firing is evoked(26), we examine whether ATP is a co-factor 8 needed for NE to efficiently evoke thermogenesis of BA ( Figure 3 ). As illustrated in Figure 3 Mitochondrial complex V is a deterministic factor in NE-induced thermogenic efficacy 16 How does the H + -ATPase activity of complex V modulate the thermogenic efficacy of BA? A first 17 straightforward explanation is endothermic characteristic feature of ATP hydrolysis by 18 mitochondrial complex V(31), which pumps dissipated proton back and restore energy in 19 mitochondrial proton gradient. In Figure 1E , there are some interesting and supporting results, 20 where very a few BA show endothermic profiles rather than exothermic profiles to NE stimulation.
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The endothermic profiles could be a stimulus artifact but unlikely. Secondly, H + -ATPase activity 22 of complex V results in cytoplasmic acidification ( Figure 1I and Figure 2H ), which can enhance 1 the binding and inhibition of purine nucleotides to UCP1(32). since NE is either secreted by adrenal medullae or released by sympathetic nervous system, 6 which can be also excited by mental or physical stress (33). Accordingly, for cold stimulation, our 7 observations suggest that at least two factors (NE and ATP) are needed for the high efficacy and 8 specificity of evoking thermogenesis in BAT. Isolation and primary culture of brown adipocytes 6 Brown adipocytes (BA) were isolated from 3-4weeks male C57BL/6J mice, with a 7 procedure similar to that described by Lucero et al. (13) . Briefly, mice were kept at 4 °C for 8 overnight with free access to food and water to deplete stored lipid in brown adipose tissues 9 (BAT). The mice were then sacrificed by cervical dislocation and swabbed with 75% ethanol.
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Interscapular BAT was isolated and placed in isolation buffer (DMEM with 4% NCS). The tissue 11 was minced and digested with 0.2% collagenase type II in a shaking water bath at 37 °C for 30 12 min (14). After digesting, discarded the reaction mixture, and the tissue was washed with 13 isolation buffer. Dissociated cells by gently triturating with fire-polish pipettes and washed by 14 centrifugation in PBS. After the final washing, the cells were plated onto 12 mm coverslips 15 (~3×10 4 cells per coverslip). Coverslips were precoated with matrigel. After 2 hours, 2 ml plating 16 medium (DMEM supplemented with 5% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin) 17 was added to each 35 mm dish. From the second day in culture, half of the medium was 18 replaced with feeding medium (plating medium supplemented with Ara-C to inhibit fibroblast 19 proliferation, 2 µM final concentration of Ara-C) every 2 days. Cells were maintained at 37 °C in 20 a humidified atmosphere of 95% air and 5% CO 2 , and used for imaging at 3~8 days in vitro. pseudocolor of RhB-ME channel is red (excited at 559 nm and collected at 575-620 nm), and 16 Rh800 channel is green (excited at 635 nm and collected at 655-755 nm). All images were 17 collected at 512 × 512 (for time-lapse imaging) and 1600 ×1600 (for high resolution imaging) 18 pixels resolution (12 bit). All data analysis was performed with MATLAB (MathWorks Inc. USA) 19 or ImageJ (NIH, USA). Fluorescence of AT1.03 based ratiometric measurements of mitochondrial and cytoplasmic ATP. All imagings were performed using confocal microscope with a 40×/0.95 objective (Olympus) for time-lapse imaging and 23 a 100×/1.4O objective (Olympus) for high-resolution imaging. Cells were co-stained with RhB-ME and Rh800 (20 nM dyes 24 for time-lapse imaging, 50 nM dyes for high resolution imaging) in Tyrode's solution (in mM: 10 Hepes, 10 glucose, 3 KCl, 25 145 NaCl, 1.2 CaCl 2 , 1.2 MgCl 2 , pH 7.4) for 1 h at 33 °C (10). The pseudocolor of RhB-ME channel is red (excited at 559 nm 26 and collected at 575-620 nm), and Rh800 channel is green (excited at 635 nm and collected at 655-755 nm). All images were 27 collected at 512 × 512 (for time-lapse imaging) and 1600 ×1600 (for high resolution imaging) pixels resolution (12 bit). 28
To minimize the heat influence by perfusion solution, time-lapse imaging of BA was performed in 2 mL Tyrode's 29 solution rather than in perfusion system. To minimize bleaching and damage to live BA in time-lapse imaging, the lowest 30 intensity of lasers with largest pinhole setting and the shortest scanning time were used, and 101 frames were recorded in a 31 time-lapse imaging at 30 seconds interval. NE (0.1 µM), ATP (10 µM), or vehicle was injected as soon as the 11th frame of 32 the time-lapse imaging for thermogenesis studies in BA. SR-59230A (1 µM), or oligomycin (10 µg/mL) was injected 15 min 33 before the time-lapse imaging in pharmacological tests. 34
After background being removed, ratiometric values of Rh800 channel to RhB-ME channel (simultaneously excited by 35 635 nm and 559 nm lasers) were calculated pixel by pixel to represent the thermal response of the sample. For noise reduction, 36 the pixels with signal-to-noise ratios less than 1.5 were excluded and 5×5 moving average was used before ratiometric process. 37
According the three-sigma rule, the outlier (99.7% tolerance interval) of the ratios was also excluded. The ratio of each cell 38 was the average ratio of all pixels representing the cell. Since we focus on the thermal responses, the mean ratio of steady state 39 before drug treatments was used to normalize every data point for each cell. All data analysis was performed with MATLAB 40 Total RNA of cultured brown adipocytes were extracted and prepared with Trizol (Thermo Fisher, Cat No: 15596-026). 1 First strand cDNAs were synthesised using oligo(dT)18 primers (Thermo Fisher, First Strand cDNA Synthesis Kit, Cat No: 2 K1612) and RT-PCR reagent, which contains 4.6 µl cDNA (100 ng/µl), 0.2 µl each primer (10 µM) and 5 µl SYBR green mix 3 (Thermo Fisher, Cat No: 4367659). The paired primers of P2x and P2y were listed as below: 4
